The complex [Ho(BA) 3 bipy] 2 (BA=benzoate; bipy=2,2′-bipyridine) was synthesized and characterized by elemental analysis, infrared spectra, ultraviolet spectra, single-crystal X-ray diffraction, thermogravimetry and differential thermogravimetry (TG-DTG) techniques. The crystal is monoclinic with space group P2 1 /n. The unit cell parameters are: a=14.1114(8) Å, b=15.3743(9) Å, c=25.8887(14) Å, β=103.555(2)°. Two Ho 3+ ions are connected by four carboxylic groups through a bridging bidentate mode. The thermal decomposition behavior of the title complex under nitrogenous atmosphere was studied using the TG-DTG, and IR techniques. The non-isothermal kinetics was investigated by using the Popescu method and the integral iso-conversional non-linear method (NL-INT). The mechanism function of the first decomposition step was determined. The thermodynamic parameters (ΔG ≠ , ΔH ≠ and ΔS ≠ ) were also calculated, and kinetic parameters (activation energy E and the pre-exponential factor A) were also obtained.
INTRODUCTION
In recent years, the lanthanide carboxylic acid complexes have been attracting more and more attention due to their fascinating architectures and potential applications as luminescence, magnetism, catalysis, and gas separation. [1] [2] [3] [4] [5] Aromatic carboxylic acids and their derivatives have the multifunctional coordination sites with chelating and briding ability. 1,10-phenanthroline(1,10-phen) and 2'2-bipyridine(2'2-bipy) are good nitrogen-containg ligands for lanthanide ions, which can enhance the stability of polymers and luminescent properties of resulting complexes. A survey of literature shows that crystal structures and luminescent properties on ternary lanthanide complexes (Ln= Sm, Eu, Tb, Dy, Nd, Gd, Er) containing benzoic and its derivatives and 1,10-phen or 2'2-bipy have been investigated extensively. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] However thermal behaviour and non-isothermal kinetics of these complexes are rare in literatures. In material science, the investigation of thermal analysis for lanthanide aromatic carboxylic acids complexes is an important field. The study can get the relationship between the structures and stability, which can promote the coordination development structure.
In our previous works, a series of lanthanide carboxylate complexes were synthesized and characterized. [15] [16] [17] [18] [19] Herein, the synthesis, crystal structure, thermal stability of the Ho(III) complex based on benzoic and 2'2-bipy were reported. And The kinetic parameters such as activation energy E and the preexponential factor A have been calculated using both Popescu method 20 and the integral iso-conversional non-linear (NL-INT) method. 21 The thermodynamic parameters ∆G ≠ , ∆H ≠ and ∆S ≠ of activation on the peak temperature were also calculated.
EXPERIMENTAL

Materials and apparatus
All the reagents were used from commercial sources without further purification. HoCl 3 ·6H 2 O was prepared from Ho 2 O 3 by treatment with concentrated hydrochloric acid.
Analyses of C, H, and N were performed on a Vario-EL III element analyzer, while the metal content was assayed using an EDTA titration method. The infrared spectra were recorded at room temperature in the range of 4000-400 cm -1 using a Perkin-Elmer FTIR-1730 spectrometer with KBr disk technique. The ultraviolet spectra were recorded on a Shimadzu 2501 spectrophotometer in DMSO (DMSO= dimethylsulfoxide). TG and DTG experiments for the title complex were performed using a Perkin-Elmer TGA7 thermogravimetric analyzer with the heating rate of (3, 5, 10 
RESULTS AND DISCUSSION
IR spectra
The IR spectra of the free ligand HBA shows a strong absorption band at 1688 cm -1 , which are assigned to the stretch vibration of the carboxylate group. The antisymmetric and symmetric absorption peaks about at 1640 cm -1 and 1416 cm -1 appear in the spectra of the complex, indicating that only the oxygen atoms of ligand were involved in coordination to Ho 3+ ion. 15 In addition, the appearance of the band of ν(Ho-O) at 428 cm -1 also indicates the conclusions above. The characteristic absorption bands of the free bipy ligand due to ν(CN) and δ(CH) appear at 1578, 992 and 757 cm -1 , respectively, which shift to long wave numbers (1599, 1013 and 774 cm -1 )after the formation of the title complex. The results clearly show that the nitrogen atoms of bipy ligand participate in the coordination to Ho 3+ ion.
16
UV spectra The UV spectra of the title complex and two ligands were depicted with DMSO as a reference at room temperature. The maximum absorption peak of HBA ligand at 260 nm shifts to 280 nm after coordination. It may be caused by the π-conjugated system due to metal coordination. 22 In addition, the maximum absorption peak of the title complex at 280 nm is the same as that of free bipy ligand, but the molar extinction coefficient in the same wavelength is greatly enhanced, suggesting a bigger chelating ring has been formed.
Crystallographic study Crystal data and structure refinement details for the title complex are summarized in Table 1 , and selected bond lengths and angles are shown in Table 2 .The structure of the complex [Ho(BA) 3 bipy] 2 is shown in Fig. 1 . The molecular structure shows a center-related dinuclear unit. Each Ho 3+ ion is eight-coordinated to two oxygen atoms from one bidentate chelating carboxyl group, four oxygen atoms from four bridging bidentate carboxyl groups, and two nitrogen atoms from one bipy molecule. It is similar to the reported isomorphous complexes [Ln(BA) 3 2 18 due to stronger steric hindrance effect of phen than that of bipy. Thermogravimetric analysis Fig.3 Non-isothermal thermoanalysis kinetics The dependence of the activation energy E on conversion α of the first decomposition stage by using integral isoconversional non-linear method is displayed in Fig. 4 . As shown in Fig.4 , the values of the activation energy E remain almost constant with different conversion α. It can be concluded that the first decomposition process is a single step reaction. 23 So the probable mechanism function can be obtained by means of Popescu method. α m1 , α n1 ), (α m2 , α n2 ) , ……, (α mi , α ni ) will be determined, when T =T m and T =T n , under different heating rates β. The values of conversion degrees at the same temperature on four TG curves at different heating rates for the title complex are shown in Table 3 .By substituting the values of α and β in Table 3 , and 41 mechanism functions 24 into Eqs (1,2,3) , then the intercept a, the slop b and the linear correlation coefficient r were obtained by Popescu method. The partial results are listed in Table 4 . The values of temperature at the same degree of conversion for the different heating rates are listed in Table 5 T , the activation E was obtained based on the value of the slop and the pre-exponential A was also calculated from the value of the intercept. The partial results are presented in Table 6 , which are approached to the values of the activation energy by NL-INT method as shown in Fig. 4 . The thermodynamic parameters of activation can be calculated from the equations: [25] [26] 
Aexp(-E/RT)=nexp(-ΔG
Where n is the Einstein Vibration frequency, ΔG ≠ is the Gibbs free enthalpy of activation, ΔH ≠ is the enthalpy of activation, ΔS ≠ is entropy of activation. The values of ΔG ≠ , ΔH ≠ and ΔS ≠ at the peak temperature obtained based on the Eqs. (5)- (7) are given in Table 7 . The values of ΔG ≠ are more than 0, suggesting that the thermal decomposition reaction of the first step for the title complex is not spontaneous. The values of ΔH ≠ are more than 0, indicating that the reaction belongs to endothermic reaction. . The activation energy E, the pre-exponential factor A, the enthalpy of activation ΔH ≠ , the Gibbs free energy of activation ΔG ≠ and the entropy of activation ΔS ≠ were also calculated.
Supplementary Information
CCDC 711417 is number of Ho 3+ complex, which contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www. ccdc.cam.ac.uk/ data_request/cif.
